The functional amyloid state of proteins has in recent years garnered much attention for its role in serving crucial and diverse biological roles. Amyloid is a protein fold characterised by fibrillar morphology, binding of the amyloid-specific dyes Thioflavin T and Congo Red, insolubility and underlying cross-β structure. Amyloids were initially characterised as an aberrant protein fold associated with mammalian disease. However, in the last two decades, functional amyloids have been described in almost all biological systems, from viruses, to bacteria and archaea, to humans. Understanding the structure and role of these amyloids elucidates novel and potentially ancient mechanisms of protein function throughout nature. Many of these microbial functional amyloids are utilised by pathogens for invasion and maintenance of infection. As such, they offer novel avenues for therapies. This review examines the structure and mechanism of known microbial functional amyloids, with a particular focus on the pathogenicity conferred by the production of these structures and the strategies utilised by microbes to interfere with host amyloid structures. The biological importance of microbial amyloid assemblies is highlighted by their ubiquity and diverse functionality.
Introduction
In 2000, the term 'functional amyloid' was coined to describe amyloid structures with normal biological purposes within organisms, in contrast to amyloid fibrils that are associated with disease (Wosten and de Vocht 2000) . Amyloids are fibrillar protein assemblies with a unique quaternary structure comprised of extended β-sheets formed from intermolecular hydrogen bonding (Fowler et al. 2005; Fowler et al. 2007 ). The constituent β-strands of the β-sheets run perpendicular to the axis of the fibril, resulting in a conformation known as the 'cross-β sheet' . Amyloid fibrils can bind to dyes such as Thioflavin T (ThT) and Congo Red, generating characteristic spectral changes (Chiti and Dobson 2006) . Amyloid fibrils also exhibit a common X-ray fibre diffraction pattern, with strong meridional reflections at approximately 4.7 Å, and more diffuse equatorial reflections at approximately 10 Å, arising from interstrand and inter-sheet spacings, respectively . Amyloid also displays several other characteristics, including aqueous insolubility, and resistance to cleavage by endogenous and exogenous proteases (Chiti and Dobson 2017) .
The amyloid fold has been particularly associated with insidious, fatal neurodegenerative diseases, including Alzheimer's and Parkinson's, as well as diverse systemic amyloidoses (Blancas-Mejia and Ramirez-Alvarado 2013; Chiti and Dobson 2017) . The proteins involved in these diseases are different for each condition, with a wide range of monomer sequence, structure and function. In pathophysiological states, however, these proteins misfold to adopt a common underlying amyloid structure (Booth et al. 1997; .
The first functional amyloid identified in humans was described in 2005, by Kelly and colleagues (Fowler et al. 2005) . They demonstrated that the Pmel17 protein forms amyloid-like structures within melanosomes, the organelles where melanin is synthesised and stored, in order to sequester toxic biosynthetic intermediates that are produced within this environment. More recently, a heteromeric functional amyloid signalling complex comprised of the human proteins receptor interacting serine/threonine protein kinases 1 (RIPK1) and 3 (RIPK3) has been shown to be central in the inflammatory programmed cell death pathway necroptosis (Li et al. 2012; Mompean et al. 2018) . Amyloid deposits are also a feature of regenerating muscle in human myocytes (Vogler et al. 2018) . Even amyloids traditionally thought to be pathogenic may have some underlying functional role, for example, the Aβ 42 peptide associated with Alzheimer's disease. Recent studies have suggested that Aβ 42 may have developed as a mechanism of containing microbial infection (Eimer et al. 2018; Kumar et al. 2016; Readhead et al. 2018; Soscia et al. 2010) .
Functional amyloids are widespread in microbes including bacteria, archaea, fungi, protozoa and viruses (Chapman et al. 2002; Dueholm et al. 2015; Low et al. 2007; Pham et al. 2014; Sunde et al. 2008; Pham et al. 2019) . Functional amyloids with diverse sequence and function play several roles which promote survival, and in particular, aid directly in pathogenicity. The ubiquity of functional amyloid as a mechanism of pathogenesis implies that it provides a strong competitive advantage. The effects of microbial functional amyloids include surface adherence, dissemination of virulence factors (Van Gerven et al. 2018) , propagation (Fowler et al. 2007 ), structural support (Chapman et al. 2002) and evasion of the host immune system (Pham et al. 2019) .
This review will detail the way in which amyloid functions as a direct mechanism for pathogenesis by microbes. It will also examine indirect use of amyloid in microbe-host interactions, wherein the pathogen uses carefully controlled mechanisms to alter host functional amyloid activity. By comparing and analysing the presence of amyloid in pathogens and their natural host, it is possible develop an understanding of the importance of this stable fold across nature.
Bacterial applications of functional amyloids
The characterisation of functional amyloid in bacteria initially centred on gram-negative bacteria such as Escherichia coli, which produce curli amyloid fibrils (Chapman et al. 2002; Jordal et al. 2009 ). Since this first identification, bacterial functional amyloid has been described across various phyla, including both gram-negative and gram-positive bacteria (Van Gerven et al. 2018) . All bacterial amyloid proteins described here, unless otherwise stated, display similar physiochemical characteristics to other amyloids. These include binding to ThT and Congo Red with resultant increased fluorescence emission at 485 nm and green birefringence, respectively, fibril-like morphology under transmission electron microscopy (TEM), and a β-sheet rich structure as demonstrated by biophysical investigations including X-ray fibre diffraction (XRFD), Fourier-transform infrared spectroscopy (FT-IR) and circular dichroism (CD).
Functional amyloids within bacterial biofilms provide structural stability and adherence properties Bacteria utilise diverse community-based mechanisms to promote the growth and survival of colonies, in which mutual benefit is derived by the individuals that form the colony. One form of bacterial community is termed a biofilm, wherein bacteria are contained within an extracellular matrix constructed by the bacteria. This matrix is composed of proteins, saccharides and other organic molecules. Important structural components of the biofilm matrix have been demonstrated to have an amyloid structure (Barnhart and Chapman 2006; Chapman et al. 2002; Flemming et al. 2016) .
Curli fibrils from gram-negative proteobacteria
Curli are proteins long known to be crucial for the formation of biofilms in a diverse phylogenetic range of bacteria, both pathogenic and non-pathogenic (Barnhart and Chapman 2006) (Table 1 ). The curli from E. coli are most well understood. Curli are extracellular matrix proteins that form functional amyloid structures through tightly regulated mechanisms (Chapman et al. 2002) . Curli fibrils act as a 'scaffold' within the biofilm. The amyloid nature of assembled curli fibrils confers a robustness that allows for the stable display of associated proteins and saccharides on the curli fibrils. The scaffold also means that the curliated bacteria are tightly associated within the biofilm (Blanco et al. 2012 ). These scaffolding features allow for several functional features to be effected by the colony (Barnhart and Chapman 2006) . These include adhesion properties, including cell-to-cell adhesion (Van Houdt and Michiels 2005) , cell-to-host adhesion (Kikuchi et al. 2005 ) and cell-toabiotic surface adhesion (DeBenedictis et al. 2016) . Curli can also play other roles including direct interaction with host proteins for pro-bacterial outcomes (Olsen et al. 1993; Olsen et al. 1998 ) and direct activation of host defence (Tukel et al. 2005) .
The mechanism of curli fibril formation on the extracellular surface is extremely ordered, with many control steps, both for initiation and maintenance. The details of these biochemical events are outside the scope of this review and have been extensively discussed elsewhere (Evans and Chapman 2014; Van Gerven et al. 2015) . However, in brief, the major constituent of scaffold curli on bacterial surfaces is the protein CsgA, which forms the repeating β-structure of curli fibrils (Fig. 1b) . The CsgA protein assembles into fibrils based upon the nucleation capabilities of another protein CsgB. CsgB is anchored to the outer bacterial membrane, where it serves as a seed for the extracellular formation of curli. The display of CsgB and the secretion of CsgA are controlled very carefully by an outer membrane secretion apparatus composed of the three proteins CsgE, CsgF and CsgD (Evans and Chapman 2014; Van Gerven et al. 2015) .
Sequence analysis of these amyloid-forming proteins reveals several structural similarities among amyloid-forming domains. CsgA and CsgB are defined by a common repeat motif QXGXXN, which appears multiple times throughout each protein, from three copies (in Vibrio species) up to 22 copies (in the Shewanella genus) (Dueholm et al. 2012) . Glutamine, glycine and asparagine have all been demonstrated to be highly amyloidogenic residues in other circumstances (Eisenberg and Sawaya 2017; Tzotzos and Doig 2010) . This repeat motif is present in CsgA and CsgB from all known bacterial curli. There are some other common trends in terms of sequence across curli fibrils, including multiple residues of glutamine, glycine, serine and alanine, all of which have been implicated in the amyloid-forming domains of other proteins (Eisenberg and Sawaya 2017; Mompean et al. 2018; Tzotzos and Doig 2010) .
Functional amyloid in Pseudomonas
The Pseudomonas genus utilises another type of functional amyloid in biofilm formation, termed Fap, for functional amyloid in Pseudomonas. Within Fap fibrils, the protein FapC forms the repeating subunit of the fibril and is part of a gene cluster coding for six proteins, FapA-F (Dueholm et al. 2010) . Current understanding suggests that FapB acts as a nucleator protein for the assembly of FapC into fibrils, whilst FapE acts as an accessory protein. FapA and FapD reside in the periplasm where the former is thought to be an accessory protein with a chaperone role to guide FapC monomers out of the periplasm, whilst the later has a proteolytic role. Finally, FapF functions as an outer membrane pore allowing secretion Pham et al. (2019) of other Fap protein subunits (Bleem et al. 2018; Dueholm et al. 2013b) . Heterologous expression of the Fap operon resulted in an altered phenotype characterised by increased colony adherence and biofilm formation (Dueholm et al. 2013b ). This change in phenotype suggests that the Fap system may serve as an adherence factor through biofilm formation (Van Gerven et al. 2018) . A study has shown the presence of Fap amyloid fibrils increases the integrity of the biofilm and increases hydrophobicity of the cells (Zeng et al. 2015) , making Pseudomonas biofilms mechanically robust and resistant to Fig. 1 Comparison of different amyloid fibril structures. Although all amyloids have a common cross-β structure, they have different backbone conformations dependent on backbone and inter-sheet interactions. It is likely that these different conformers of the amyloid fold confer some differences in functionality. a Generic fibril structure. All amyloid structures are defined by an underlying cross-β structure, wherein two β-sheets are parallel to the fibril axis, and component β-strands lie perpendicular to the same axis. The inter-sheet distance is approximately 10 Å and the inter-strand distance is approximately 4.7 Å. b Model of an E. coli curli fibril. Curli fibrils appear on the surface of certain bacteria and provide adherence properties and structural stability. Curli fibrils are comprised of repeat monomers of the protein CsgA. CsgA is nucleated on the cell surface by accessory proteins. Left-handed β-helix model reproduced with kind permission from K. Lindorff-Larsen, adapted from Tian et al. (2015) . c Model of an EAS Δ15 hydrophobin rodlet from Neurospora crassa. Hydrophobins undergo a conformational change at air:water interfaces and self-associate into an amyloid-like structure termed a rodlet. Five hydrophobin monomers shown in different colours. EAS Δ15 rodlet model reproduced with kind permission from A. Kwan, adapted from Macindoe et al. (2012) . d Model structure of a heteromeric amyloid fibril containing M45 from murine cytomegalovirus and human RIPK3. It is hypothesised that the human and viral proteins are integrated into the same fibril by RHIM:RHIM interactions, forming a serpentine fold. The formation of this hybrid amyloid inhibits the signalling capabilities of the host protein by unknown mechanisms. Image produced using a model of RIPK3:M45 reported in (Pham et al. 2019 ) and based on the RIPK1:RIPK3 hetero-amyloid structure PDB 5V7V (Mompean et al. 2018) . e Structure of the Het-s prion amyloid from Podospora anserina. When assembled into an amyloid structure, the Het-s protein adopts a β-solenoid conformation. This amyloid induces programmed cell death upon encountering heterokaryon incompatibility. Five protein monomers shown in different colours. Imaged produced from PDB 2RNM Wasmer et al. (2008) drying. These features allow the microbes to successfully colonise environments where there is limited contact with water, as well as in aquatic environments (Zeng et al. 2015) . Whilst the proteins encoded by the Fap system are genetically distinct from the curli machinery of E. coli, inhibitors of curli fibril formation also inhibit FapC fibril formation (Taylor et al. 2016) . It is hypothesised that Fap subunits, like curli, are maintained as monomers within the periplasm until secretion, which occurs through a membrane pore apparatus (Rouse et al. 2017 ). These shared characteristics suggest a comparable functionality between curli and Fap systems.
The FapC subunit contains three repeat regions and two linker regions. The repeat regions share a high degree of similarity across Pseudomonas species (Bleem et al. 2018) . They are characterised by conserved glutamine, asparagine and serine residues, separated by glycine or alanine residues (Rasmussen et al. 2018) . The linker regions vary in length and are hypothesised to be structurally disordered (Rouse et al. 2017) . Analogous residues are found in the repeat regions of curli fibrils, albeit with short linkers. This suggests that the linker region of FapC can determine the different characteristics of amyloid fibrils from various homologues, whilst for curli, the repeating units will determine fibril properties due to the small linker regions (Dueholm et al. 2013a) .
Apart from facilitating adhesion of bacterial colonies to surfaces, Pseudomonas biofilms may also harbour and modulate the release of signalling molecules such as quorumsensing (QS) molecules (Seviour et al. 2015) . This allows bacterial colonies to modulate gene expression based on their size, and to better adapt to environmental pressures (Dietrich et al. 2006 ). FapC fibrils have been shown to bind QS molecules such as 2-heptyl-3-hydroxy-4-(1H)-quinolone (PQS) and N-(3-oxododecanoyl)-Lhomoserine lactone (3-oxo-C12-HSL). Amyloid-forming biofilms harbouring QS molecules could be important for bacterial survival in non-laboratory conditions, such as in acute lung infections (Rouse et al. 2018; Seviour et al. 2015; Van Gerven et al. 2018) .
Further evidence of a role for Fap in virulence was seen with a FapC deletion mutant strain of P. aeruginosa which was found to be significantly attenuated in killing of Caenorhabditis elegans in a nematode infection model (Wiehlmann et al. 2007) . Similarly, in murine models of acute and chronic infections, the transcription of the Fap operon has been found to be highly upregulated (Rouse et al. 2018; Turner et al. 2014; Van Gerven et al. 2018) .
TasA from Bacillus
Bacillus is a genus of ubiquitous gram-positive bacteria with both pathogenic and non-pathogenic constituent species (Bottone 2010; Earl et al. 2008) . Like curli-expressing bacteria, they form biofilms to aid in their life cycles (Romero et al. 2010 ). In the case of Bacillus subtilis, their biofilms were initially identified as mechanisms of sporulation (Branda et al. 2001; Serrano et al. 1999; Stover and Driks 1999) . The specific protein underlying biofilm formation in B. subtilis is TasA (Branda et al. 2006; Romero et al. 2010) . TasA allows the formation of two different biofilm variants. One of these has more traditional hallmarks, allowing cell-cell adhesion and agglutination on the surface of agar plates (Romero et al. 2010) . The other forms at air-water interfaces to allow for spore dispersal, motility and matrix formation (Romero et al. 2010; Vlamakis et al. 2008 ). These air-water bacterial colony biofilms are termed pellicles, and the constituent protein TasA is indispensable for their formation (Romero et al. 2010) . Knockout tasA strains of B. subtilis lose the ability to form pellicles (Romero et al. 2010 ). Recombinant TasA is detected by the A11 antibody, which detects oligomeric amyloid species, confirming its amyloidogenic nature (Romero et al. 2010) .
Although B. subtilis is not a pathogenic species, it shares many similarities with the closely related bacterium B. cereus, which is a causative agent of food poisoning (Caro-Astorga et al. 2014 ). There is a homologue of TasA from B. subtilis present in B. cereus, also called TasA. TasA from B. cereus is coded by the same chromosomal region as TasA from B. subtilis, indicating that they share common ancestry. There is limited information about the biogenesis and detailed function of TasA from B. cereus. However, its importance for Bacillus survival in general is inferred from the observation that TasA from B. cereus can functionally substitute for TasA from B. subtilis in tasA knockout colonies, rescuing pellicle formation and aiding adhesion and biofilm formation (CaroAstorga et al. 2014 ).
Biofilm-associated proteins from Staphylococcus
The gram-positive bacteria, Staphylococcus aureus, is a commensal member of the microbiome in most circumstances, but it can also play major roles in disseminated disease (Krismer et al. 2017; Liu 2009 ). S. aureus has developed widespread antibiotic resistance, particularly in hospital settings, with some strains now resistant to most available antibiotics, including last-resort drugs (Rasmussen et al. 2011) . Like many other human pathogenic bacteria, S. aureus forms biofilms in order to scaffold interactions of colonies of individual cocci, as well as facilitating interactions between these colonies and host cells or surfaces. The formation of S. aureus biofilms is dependent on biofilm-associated proteins (Baps) (Taglialegna et al. 2016) . Structurally, Baps are multi-domain proteins with a repetitive structure, located at the cell surface (Lasa and Penades 2006) . The formation of Bap amyloid is tightly controlled by the environment-Bap aggregation is promoted under acidic conditions. In a physiological context, this is indicative of replication that occurs in a high glucose environment, from which acidic by-products are produced in abundance (Taglialegna et al. 2016 ).
Within S. aureus infections, Bap proteins are functionally crucial. Knockout of bap from bacterial cultures reduces the adhesive properties of the bacteria to cultured bovine epithelial cells, and also reduces the total bacterial titre 10 days after infection (Taglialegna et al. 2016) . Interestingly, when Lasa and colleagues (Taglialegna et al. 2016 ) expressed homologous putative amyloid-forming Bap domains from related bacteria from the Staphylococcus genus in E. coli, the domains from S. straprophyticus, S. simiae, S. xylosis, S. epidermidis and S. simulans bound Congo red. It can be extrapolated from this result that the production of Bap and its integral role in biofilm genesis may be a generalised Stacphylococcus mechanism.
Small basic protein from Staphylococcus epidermidis
Staphylococcus epidermidis is well-known for its commensal role as part of normal human skin flora (Otto 2009 ). In addition to this long-held non-pathogenic role, S. epidermidis is increasingly recognised as a major hospital-based pathogen, due to its ability to colonise medical devices within patients, especially in immunocompromised patients (Otto 2009 ). Like other bacteria, S. epidermidis utilises biofilms which facilitate adhesion to, and colonisation of, both biotic and abiotic surfaces (Otto 2009 ). There is also some evidence to suggest that Staphylococcal biofilms also serve to promote resistance to antibiotics and some components of the immune system (Otto 2009; Paharik and Horswill 2016; Wang et al. 2018) . Small basic protein (Sbp) is a secreted surface protein that plays a scaffolding role in S. epidiermidis biofilms. In vivo, knockout of sbp reduces Thioflavin S binding to individual bacteria and also reduces cell-cell adhesion, indicating that Sbp is crucial for amyloid formation, and that this amyloid is required for cell-cell adhesion into biofilms (Wang et al. 2018 ).
Amyloid forming proteins from Streptococcus mutans biofilms
Another bacterium that forms biofilms is Streptococcus mutans. These bacteria are mainly found in the oral cavity and are associated with tooth decay in humans. In vitro studies have identified three candidate proteins responsible for amyloid formation in the S. mutans biofilms: P1 adhesin (also known as antigen I/II), the recently identified wall-associated protein A (WapA) and the secreted protein SMU_63c (Besingi et al. 2017) . All three proteins are located within the extracellular matrix of the biofilm and are important for the structure and formation of the biofilm. Single deletion mutations of either the P1 adhesins or WapA genes (spa and wapA respectively) reduce biofilm production. Conversely, deletion of smu_63c results in a small enhancement in biofilm formation. Additionally, double deletion of spa and wapA and the triple deletion of all three genes drastically inhibit biofilm formation by S. mutans (Besingi et al. 2017 ). The Cterminal region of the well-characterised adhesin P1, known as the C123 domain, has been shown to be the amyloid-forming moiety in this protein in in vitro studies (Besingi et al. 2017; Heim et al. 2015; Tang et al. 2016) . Earlier studies suggested that P1 induces proinflammatory effects in various cell lines including monocytes (Soell et al. 1994 ), endothelial cells (Vernier et al. 1996) and synoviocytes (Gourieux et al. 2001) . Similarly, mutant strains of P. mutans lacking P1 adhesin were found to be less virulent in a rat model (Crowley et al. 1999 ). However, the functional role of amyloid in these events is currently unknown.
Functional amyloid also confers adhesive properties independent of bacterial biofilms
Mycobacterium tuberculosis pili
Mycobacterium tuberculosis is a respiratory pathogen of humans that is the key bacterial causative agent in tuberculosis (Blanco et al. 2012; Fogel 2015) . Approximately ten million people per year are newly infected with tuberculosis, and in 2017 there were 1.6 million tuberculosis-related deaths worldwide (Global Tuberculosis Report, WHO). One mechanism of M. tuberculosis pathogenicity is the expression of organelles termed pili on their outer cellular surface (Alteri et al. 2007 ). The pilus is an organelle with a polymeric substructure that has adhesive properties, which allows for colonisation and attachment to host eukaryotic cells (Finlay and Falkow 1997) . The importance of M. tuberculosis pili (MTP) for Mycobacterium pathogenicity is evidenced by the fact that only pathogenic members of the genus express pili on their surface (Alteri et al. 2007; Blanco et al. 2012) . MTP present on the surface of individual bacteria have similar morphology to curli fibres on the surface of curliated E. coli (Alteri et al. 2007; Blanco et al. 2012) . Alteri et al. (2007) also indicate that MTP bind the amyloid-specific dye Congo Red but other amyloid-determination experiments are yet to be reported. The specific mechanism by which MTP adhere to host cells is through direct binding to the protein laminin which is expressed on the cell surface of host cells and is a constituent of the human extracellular matrix (Sasaki et al. 2004) . Interestingly, although they have the same morphology and similar functionality, the underlying sequence of MTP is distinct from both fap and curli (Alteri et al. 2007 ). The underlying monomeric sequence that forms the repeat unit of MTP (termed a pilin) is defined by a preponderance of glycine, alanine and proline residues.
Amyloid-forming bacterial proteins with unique functions
Microcin E492 from Klebsiella pneumoniae Amyloid formation as a means of protein storage is found in Klebsiella pneumoniae. K. pneuomoniae sequesters the selfproduced bacterial toxin microcin E492 (mccE492) into an amyloid form that is non-toxic (Bieler et al. 2005) . The monomeric form is a pore-forming bacteriotoxin that is utilised for killing other competing Enterobacteria (Shahnawaz and Soto 2012) . The amyloid-like fibres can be dissociated into active monomers with changes to environmental conditions such as pH (Shahnawaz and Soto 2012) . Apart from its bactericidal properties, mccE492 has also been shown to cause apoptosis in human cell lines (Hetz et al. 2002) . Whilst no direct involvement of mccE492 with pathogenesis is found, large scale genome-wide analysis studies have shown that it plays a role in virulence in various K. pneumoniae isolates (Marcoleta et al. 2016 ). The internal region of mccE492 shares similarity with the central domain of the prion protein PrP, and synthetic peptides spanning these sequences can convert active monomers into amyloid aggregates (Shahnawaz et al. 2017 ).
Harpins from Xanthomonas
Harpins are proteins produced by various species of the plant pathogenic bacterium Xanthomonas. The most studied harpin, HpaG, is secreted by type III secretion systems (Zimaro et al. 2014) . Secretion of HpaG initiates a process termed the hypersensitive response (HR) in plants. The HR functions as a defence mechanism to contain the growth of plant pathogens by causing cell death (Oh et al. 2007 ). It has been found that HpaG forms amyloid-like fibrils in vitro, and that mutation of a key residue (L50P) prevents amyloid formation (Oh et al. 2007 ). Nevertheless, the exact role of amyloid in inducing the HR response is not known.
Interestingly, an HpaG homologue in X. campestris, known as XopA, does not induce HR reaction in plants nor forms amyloid structures. However, a gain-of-function mutant F48L/M52L, can form curvilinear protofibrils and fibrils, which suggests a positive correlation as the L50 residue in HpaG is needed for amyloid formation (Oh et al. 2007 ). Overall, the induction of plant HR by the amyloid-forming harpins suggests another role for bacterial amyloid that may be explored in the future.
Phenol-soluble modulins from Staphylococcus aureus
Phenol-soluble modulins (PSMs) are peptides secreted by S. aureus that form aggregated structures which have a variety of roles in bacterial survival. Like other bacterial functional amyloids, they perform roles in biofilm assembly and maintenance, and also act as a lytic agent, killing host cells. They also induce an inflammatory immune response, implicating them indirectly in pathogenesis (Cheung et al. 2014; Schwartz et al. 2012; Tayeb-Fligelman et al. 2017) . Initially, PSMs were thought to be a traditional cross-β functional amyloid (Schwartz et al. 2012) . The most lytic and cytotoxic member of this peptide family, the 22-residue PSMα3, forms a repeating subunit fibril structure. However, instead of β-strands perpendicular to the fibre axis forming the 'rungs' of the amyloid ladder, the fibril is instead composed of stacked alpha helices in place of the β-strands, forming what is termed a cross-α structure (Chiti and Dobson 2017; Tayeb-Fligelman et al. 2017) . In this sense, the polymerised form of PSMα3 cannot strictly be categorised as an amyloid, despite the fact that it is still able to bind ThT (Tayeb-Fligelman et al. 2017 ). This 'cross-α' structure is directly linked to the function of this peptide, because non-fibrillar mutants and detergent-based reduction in fibril formation reduce toxicity in human T cells significantly (Tayeb-Fligelman et al. 2017) .
Other members of the PSM peptide family secreted by S. aureus do indeed have traditional amyloid substructure when assembled (Salinas et al. 2018 ). These include PSMα1 and PSMα4, which function largely as biofilm-forming agents in vivo (Schwartz et al. 2012 ). This indicates a complicated heterogeneity of fibrils produced by S. aureus for differing purposes. Interestingly, truncation of the 22-residue PSMα3 causes a change in the fibril-forming characteristics of this peptide, as there is a polymorphic return to a nominal cross-β substructure, but with an atypical packing arrangement (Salinas et al. 2018) . Truncations of PSMs occur in nature, and often increase the bactericidal activity of these peptides towards other bacterial species, whilst the secreting organism is protected from harm (Gonzalez et al. 2012; Salinas et al. 2018) . A six-residue truncated version of PSMα3, which displays atypical cross-β packing, demonstrates bactericidal activity against Micrococcus luteus and Staphylococcus hominis (Salinas et al. 2018 ).
Protozoan applications of functional amyloid
Protozoa are eukaryotic single cell microbes and functional amyloid has been associated with a pathogenic member of this kingdom.
Merozoite surface protein 2 (MSP2) from Plasmodium falciparum
The merozoite surface protein 2 (MSP2) from the malariacausing Plasmodium falciparum was initially identified as a potential candidate vaccine target for malaria (Low et al. 2007) . It is a surface protein on the membranes of merozoites, a form of the parasite present in the bloodstream that is implicated in infection of erythrocytes (Low et al. 2007 ). In vitro studies have shown that MSP2 is disordered in solution but can form amyloid-like fibrils under physiological conditions (Low et al. 2007) . The N-and C-terminal domains are conserved but the variable middle region can be divided into two families: 3D7 and FC27. Fibril formation by the N-terminal 25-residue region (MSP2 1-25 ) can be seeded and follows a nucleation dependent pathway (Adda et al. 2009 ).
Interestingly, fibrils formed by the 3D7 variant can be stained by Congo Red but not ThT whereas the FC27 fibril variant binds to both Congo Red and ThT, suggesting that the forms are structurally different (Adda et al. 2009 ). Glutaraldehyde cross-linking experiments show higher molecular weight bands corresponding to oligomers of various sizes of MSP2 from both recombinant and purified 3D7 parasitic strains (Adda et al. 2009 ).
Further evidence for the association of MSP2 amyloid with virulence comes from lipid membrane studies (Lu et al. 2019) . MSP2 1-25 undergoes conformational change to β-structure and interacts with lipid membrane mimetics. The selfassembly of MSP2 1-25 and its interaction with membranes are associated with disruption of membrane integrity (Lu et al. 2019 ).
Fungal applications of functional amyloid
Fungi use amyloid to aid their passage through their life cycle and to increase their pathogenicity. This use of amyloid has been shown in both unicellular/yeast and multicellular/ filamentous fungi. Fungal amyloid has diverse roles between fungal species and can be utilised for either commensal or pathogenic interactions between the fungus and the host.
Hydrophobins from filamentous fungi serve diverse functions
Hydrophobins are small surface active proteins produced by filamentous/multicellular fungi (Wessels 1994) . Two classes of hydrophobins exist, with only class I shown to exhibit fibrillar amyloid structure (Bayry et al. 2012 ). When exposed to a hydrophobic:hydrophilic interface the class I hydrophobin monomers undergo a conformational change to form amyloid fibrils known as rodlets (Morris et al. 2011) . These rodlets pack together to form an amphipathic monolayer that has multiple functions for the fungus . Aerial hyphae are coated in the hydrophobin monolayer, reversing their wettability and therefore allowing growth into the air (Wosten et al. 1999 ). In addition, hydrophobins can form a robust coat on spores that resists wetting and therefore facilitates spore dispersal (Wösten and Wessels 1997) . Currently, there is no solved structure for a hydrophobin rodlet. However, a model exists for the hydrophobin EAS, from Neurospora crassa, a fungus known for causing bread mould (Macindoe et al. 2012) (Fig. 1c) . In this model, the EAS monomers undergo a conformational change and bind to one another to form long, non-twisted amyloid rodlets that can further assemble laterally, to form an amphipathic monolayer (Macindoe et al. 2012) .
Hydrophobins are found in pathogenic and commensal filamentous fungi and are therefore not an inherently pathogenic feature (Gravagnuolo et al. 2016) . However, in addition to the generic roles of hydrophobins mentioned previously, specific functions of the expressed hydrophobins may increase the pathogenicity of the fungus. In humans, Aspergillus fumigatus can cause invasive aspergillosis in immunocompromised patients (Zykwinska et al. 2014) . The hydrophobin monolayer on spores prevents activation of the host innate immune response, subsequently allowing infection which can ultimately spread from the lung to the brain and kidneys (Aimanianda et al. 2009) . A. fumigatus contains at least six hydrophobins, however, only one, RodA is characterised. RodA is responsible for rodlet formation and the prevention of the activation of the immune response (Valsecchi et al. 2017; Valsecchi et al. 2019) . In plants, Magnaporthe oryzae causes rice blast, a fungal disease responsible for the loss of one-third of the global annual rice crop (Pham et al. 2016) . M. oryzae contains one class I hydrophobin, MPG1 (Talbot et al. 1996) . MPG1 has a critical role in the formation of the appressorium, the tool used by the fungus to puncture the host surface (Talbot et al. 1996) . Deletion of mpg1 results in a reduced ability of the fungus to infect, therefore directly linking the amyloid formation to increased pathogenicity (Talbot et al. 1996) . More recently, MPG1 has been shown to also direct the actions of the enzyme cutinase 2, involved in the penetration of the host (Pham et al. 2016) .
Another plant pathogen, Ustilago maydis, utilises surface active proteins known as repellents instead of hydrophobins, for attachment to surfaces and to aid the formation of aerial hyphae (Teertstra et al. 2009 ). Like hydrophobins, repellents are amyloidogenic and form amphipathic fibrillar layers (Teertstra et al. 2009 ). U. maydis does contain two hydrophobin genes but they do not have a critical role in aerial hyphae formation (Teertstra et al. 2006) . In contrast to M. oryzae where the knockout of mpg1 significantly reduces pathogenicity, the repellents are not vital for pathogenicity of U. maydis (Teertstra et al. 2006) . Class I hydrophobins show a low degree of sequence conservation with the exception of eight cysteine residues (Sunde et al. 2008) . These cysteines form four disulphide bonds that are critical for stabilising the hydrophobin structure, which has a large, exposed hydrophobic surface. Hydrophobins specifically self-assemble at hydrophobic:hydrophilic interfaces (Sunde et al. 2008) . Repellents in U. maydis, however, do not display any sequence homology with hydrophobins, and the mechanism that controls the self-assembly of repellents is unknown (Teertstra et al. 2009 ).
Role of functional amyloid in fungal biofilms
Unicellular and multicellular fungi use biofilms to adhere to surfaces, e.g. other fungal cells or host tissue, and for protection. Different forms of functional amyloid are present in these biofilms. Unicellular yeast biofilms contain amyloid-forming adhesins whilst filamentous multicellular fungi have been shown to contain amyloidogenic hydrophobins in their biofilms.
Yeast biofilms are comprised of closely packed cells bound together by adhesins and an extracellular matrix (Nobile and Johnson 2015) . Yeast adhesins are glycoproteins localised on the surface of the cell wall. They function to protect fungal cells, bind cells together and aid adherence to the infection surface (Garcia et al. 2013; Lipke et al. 2018) . Candida albicans is a fungal member of the human microbiome that can become pathogenic in immunocompromised patients and is a well-studied example of a fungus that utilises amyloidforming adhesins to increase its pathogenicity (GarciaSherman et al. 2014) . The ALS family of adhesin proteins are critical in anchoring the C. albicans fungal cells to each other and allowing attachment to the host (Ramsook et al. 2010) . A section of the Als5p adhesin forms an amyloid structure with neighbouring adhesins (Ramsook et al. 2010 ). This aggregation increases local adhesin concentration, as the adhesins are bound to one another, and therefore increases the strength of the binding between cells (Alsteens et al. 2012) . Another member of the ALS family, Als3p, mediates the co-adherence of C. albicans to the bacterium S. aureus and has also been shown to facilitate infection by inducing endocytosis into host cells (Peters et al. 2012) . Adhesins within the C. albicans ALS protein family contain a highly conserved amyloid core β-aggregation sequence (Otoo et al. 2008) . A non-pathogenic yeast, Saccharomyces cerevisiae contains similar adhesin amyloids to C. albicans, highlighting that fungal adhesin amyloids do not necessarily increase pathogenicity (Lipke et al. 2018; Ramsook et al. 2010) .
Certain multicellular filamentous fungi demonstrate expression of amyloidogenic hydrophobins in their biofilms. A. fumigatus has been shown to express at least two different hydrophobins in its biofilm but gene deletion experiments have failed to identify any role for these hydrophobins in the formation, structure or hydrophobicity of the biofilm (Beauvais and Latge 2015; Valsecchi et al. 2017 ). However, it was recently shown that a polyphenolic compound could downregulate expression of the hydrophobin genes in A. fumigatus, and this downregulation resulted in a weakened extracellular matrix and therefore increased the susceptibility of the fungi to antifungal drugs (Luo et al. 2018) . Therefore, the exact role of hydrophobins in the fungal biofilm of A. fumigatus, and potentially other filamentous fungi, remains to be elucidated.
Viral applications of functional amyloid
Viruses are ubiquitous pathogens capable of interfering with host cell signalling for a range of purposes to maximise virulence (Baker et al. 2018) . Herpesviruses have been demonstrated to interfere with host functional amyloids, in order to inhibit the programmed cell death pathway necroptosis (Pham et al. 2019) .
Herpesviruses form hybrid amyloid structures to prevent programmed necrosis
Necroptosis itself requires the formation of signalling complexes, known as necrosomes (Li et al. 2012) . These consist of the kinase RIPK3, and one of three host effector proteins, RIPK1, TIR-domain-containing adapter-inducing interferon-β (TRIF) or Z-DNA binding protein 1 (ZBP1). When RIPK1 or ZBP1 interact with RIPK3, they form into an amyloid structure with signalling capability (Li et al. 2012; Mompean et al. 2018; Pham et al. 2019) . It is likely that TRIF:RIPK3 interactions also form an amyloid structure (Gentle et al. 2017) . The formation of these amyloid signalling platforms, in response to inflammation or microbial infection, leads to activation of RIPK3, subsequent downstream phosphorylation of the pseudokinase mixed lineage kinase domain-like protein (MLKL) and lytic cell death. The RIP homotypic interaction motif (RHIM) within RIPK1, RIPK3, TRIF and ZBP1 is the amyloidogenic sequence within these proteins and it forms the β-sheet core of the necrosome amyloid (Mompean et al. 2018) . The RHIM is~18 amino acids in length, with a core sequence of I/V-Q-I/V-G (Baker et al. 2018) .
Murine cytomegalovirus expresses a RHIM-containing protein known as M45 (Lembo et al. 2004) , which leads to inhibition of necroptosis in murine (Upton et al. 2010; Upton et al. 2012 ) and human cells (Guo et al. 2015 ). An intact RHIM within M45 is essential for the virus to propagate and cause disease within mice (Upton et al. 2010) . Without the function of the M45 RHIM, virally infected cells rapidly undergo necroptosis following activation of ZBP1 and subsequently RIPK3 and MLKL (Upton et al. 2012) . In vitro studies have shown that the M45 RHIM, which has an IQIG core sequence, can interact with the RHIMs of human RIPK1, RIPK3 and ZBP1 proteins to form heteromeric fibrils containing both virus and host proteins (Pham et al. 2019) . M45 preferentially interacts with RIPK3 and ZBP1, over RIPK1, suggesting that the virus inhibits necroptosis by sequestering RIPK3 and ZBP1 in alternative hetero-amyloid structures that prevent the activation of RIPK3 (Fig. 1d) .
In addition to M45, two other RHIM-containing viral proteins have been shown to modulate necroptosis, ICP6 from Herpes Simplex Virus 1 and ICP10 from Herpes Simplex Virus 2 (Guo et al. 2018; Guo et al. 2015; Huang et al. 2015; Wang et al. 2014) . However, unlike the RHIM from M45, ICP6 does not abrogate signalling for necroptotic cell death in all circumstances. ICP6 was first identified as a direct activator of RIPK3 activation, leading to necroptosis in both murine cells in vitro and in an in vivo mouse model (Huang et al. 2015; Wang et al. 2014) . However, when overexpressed in human cell lines, the natural host of HSV infections, the presence of the ICP6 protein is sufficient to inhibit necroptosis (Guo et al. 2018; Guo et al. 2015) , and a full virus model of infection demonstrates the same outcome (Guo et al. 2018) . These studies show that the activity of ICP6 towards host necroptosis is dependent on the presence of an intact RHIM in ICP6, which has a VQCG core sequence.
The functional and sequence similarities between the RHIMs of M45 and ICP6 make it likely that ICP6 also makes amyloid-based interactions with the host proteins involved in necroptosis (Baker et al. 2018) . However, it appears that subtle sequence differences can alter the structures of heteromeric amyloid fibrils and change signalling outcomes. This is highlighted by the work of Huang et al. (2015) , who have demonstrated that a chimeric ICP6 construct containing the 18-amino acid M45 RHIM instead of the wildtype ICP6 RHIM prevents necroptosis in murine cells, instead of the activating role of wildtype ICP6 in murine cells previously established (Wang et al. 2014 ). Molecular dynamic simulations suggest that RIPK1:RIPK3 heteromeric fibrils are more stable than RIPK1:RIPK1 or RIPK3:RIPK3 homomeric fibrils (Mompean et al. 2018) . These data collectively indicate that small changes in amino acid sequence can have marked effects on the nature and function of the heteromeric fibrils formed by RHIM-containing proteins. Amyloid formation by the viral protein M45 is a unique example of a microbial functional amyloid that targets a host mammalian functional amyloid, in order to increase virulence.
Interference with host amyloid as an invasive strategy
Enteropathogenic E. coli (EPEC) have diverse mechanisms to initiate and maintain their pathogenic invasion of hosts (Clements et al. 2012) , including evasion of host cell death programmes, which normally act to limit the spread of infection within the host (Giogha et al. 2014; Pearson et al. 2017; Pearson et al. 2013 ). As described above, the human necroptosis cell death cascade requires the formation of a functional amyloid signalling complex known as a necrosome (Li et al. 2012 ). The strategy employed by EPEC to undermine host functional amyloid is different to the viral mechanism described above. EPEC can prevent the formation of the necrosome by the secretion of a cysteine protease known as EspL, which selectively cleaves within the RHIMs of the host RIPK1, RIPK3, TRIF and ZBP1 proteins to prevent their amyloid assembly (Pearson et al. 2017) . EspL is unable to cleave the amyloid forms of these proteins, indicating a clear need for the bacterium to prevent formation of this structure, and again highlighting the utility provided by the stable amyloid structure.
Microbial prions: a special category of functional amyloids
Fungal prions
Prions are infectious proteins found in many organisms including yeast and mammals (Wickner et al. 2018) . Although transmissible, in contrast to other prions, e.g. the mammalian prion PrP, yeast prions have not been shown to contribute to or cause disease. In their amyloid forms, yeast prions are cytoplasmically inherited and able to convert soluble protein to amyloid after cell division (Wickner et al. 2018) . The capacity to be transferred from mother to daughter cells has resulted in yeast prions being classified as infectious. S. cerevisiae is a non-pathogenic yeast that contains two prions, [URE3] and [PSI+] (Fowler et al. 2007 ). Both prions display loss-offunction phenotypes (Fowler et al. 2007) . After [URE3] forms amyloid, it causes inappropriate derepression of genes involved in utilising nitrogen-poor environments (Fowler et al. 2007) . [PSI+] in its native soluble form is a translational termination factor; however, upon forming amyloid, protein synthesis continues past the stop codon, resulting in diversity in the proteome (Otzen and Nielsen 2008; True et al. 2004 ). These prion-based protein assemblies are non-pathogenic to yeast, but their exact role is still debated (Lipke et al. 2018) .
In Podospora anserina, a non-pathogenic filamentous fungus, an amyloid-forming prion, HET is involved in programmed cell death (Dos Reis et al. 2002) (Fig. 1e) . HET exists in three forms, soluble HET-s*, insoluble amyloid HET-s and soluble HET-S (Coustou et al. 1997 ). HET-s can convert HET-s* of a merging colony into amyloid HET-s, exhibiting infectious prion behaviour (Coustou et al. 1997 ). However, HET-s and HET-S are incompatible, and therefore when two colonies join to form a heterokaryon and contain these two HETs, the HET-s amyloid is the trigger to initiate programmed cell death to prevent the colonies fusing (Daskalov et al. 2015 ). HET-s displays a biological activity as opposed to the loss-of-function phenotypes shown in [URE3] and [PSI+] of S. cerevisiae, therefore, highlighting the diversity of function even within prion forms of amyloid. Prion domains involved in fungal cell death are not limited to P. anserina, as a cell-death associated amyloid-forming prion protein called HELLP was recently identified in Chaetomium globosum, and this shows homology to the MLKL protein that polymerises to induce lytic cell death in mammalian necroptosis (Daskalov et al. 2015) .
Yeast prions have been shown to contain an amyloidforming 'prion domain' that varies in length between prions (Fernandez et al. 2017 ). This domain is characterised by the presence of uncharged residues and in contrast to hydrophobins and adhesins, often has another role in the protein aside from forming amyloid (Wickner et al. 2018 ).
Bacterial prions
Prion domains serving functional roles in cells have historically been associated largely with fungal species. Recently, however Yuan and Hochschild (2017) demonstrated that bacterial RNA-associated protein machinery also contains prion domains. Within pathogenic species of bacteria, the bestcharacterised prion is found in Clostridium botulinum, within the Rho protein. Rho is a conserved helicase involved in termination of translation. The C-terminal domain of this protein contains a prion domain that forms amyloid (Yuan and Hochschild 2017) . When converted from monomer to a prion amyloid, Rho loses ability to terminate translation. This leads to transmitted changes in the transcriptome, and presumably the proteome, of the Rho-amyloid-converted colonies (Yuan and Hochschild 2017) .
Since this initial identification of a bacterial prion domain, other transcription-associated proteins have also been shown to form amyloid assemblies. Within the pathogenic M. tuberculosis, the transcription regulator CarD has been shown to form amyloid fibrils both in vitro and in vivo (Kaur et al. 2018b) . Similarly, the RNA polymerase-binding protein HeiD from B. subtilis can form amyloid fibrils in living cells (Kaur et al. 2018a ). These recent discoveries about bacterial prions indicate that prion amyloid assemblies may be Fig. 2 Classification of functional amyloids utilised by bacteria, fungi, protozoa and viruses, according to their roles a common mechanism for genetic control in bacteria, as well as yeast. However, like yeast prions, the specific functional role of bacterial prions has yet to be fully established.
Conclusion
Within nature, different microbes have evolved to utilise amyloid to their own specific advantage, leading to roles for microbial functional amyloids in transitions between different stages of the life cycle, colonisation, infection and evasion of host defence mechanisms. The increase in the number of functional amyloids reported in the scientific literature over the last 20 years suggests that it is likely that a substantial number of microbial amyloids remain to be discovered and investigated. This review highlights the very wide range of structurally and genetically distinct proteins that form functional amyloids in microbial organisms. Although many different proteins form amyloid fibrils that contribute similar structural support and/or adhesive properties, other proteins form amyloids with unique functions that are related to the nature or biological role of the component protein (Fig. 2) .
Proteins that contribute structural amyloids or amyloids involved in adhesion, e.g. hydrophobins or curli, exist in both non-pathogenic and pathogenic organisms, but the majority of the signalling or targeted activity amyloids, e.g. viral RHIM proteins or harpins, are found in pathogenic microbes. Certain amyloids, e.g. those formed by hydrophobins and PSMs, operate as both a structural support and have targeted actions. Overall, this classification illustrates the diversity within microbial amyloid and also the similarities of function in distantly related biological systems.
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